Introduction
is done by scanning a probe across the surface of a sample while recording the measured signal, which results in an image of the surface. In the case of scanning tunnelling microscopy (STM), invented in 1981 by Binnig and Rohrer [21] , the probe consists of a metallic tip which is brought into tunnelling contact with a (semi-)conducting surface. The quantum mechanical tunnelling effect allows the electron to tunnel through the vacuum barrier even when the energy of the electrons is lower than the potential barrier ( Fig. 5.1a) . Since the tunnelling current depends exponentially on the distance between tip and sample, an atomic-scale height map of the surface density of states and topography can be acquired by adjusting the tip sample distance during scanning, using a feedback loop that keeps the tunnelling current constant (Fig. 5.1b ). In cross-sectional scanning tunnelling microscopy (X-STM), the direct visualization of nanostructures, which are generally embedded in several layers of semiconducting material, is possible by cleaving the sample and thereby exposing the cross-sectional surface of the buried nanostructures. The semiconductor wafers are cleaved along a natural cleavage plane to expose a crosssection of the epitaxial layers grown on the wafer. In the case of III/V semiconductors, the (110) and (110) cleavage planes of the zinc-blende crystal show a 1 X 1 surface unit cell reconstruction where the group III elements move into the surface while the group V elements move outward ( Fig. 5.2 ). This buckling behaviour causes the energetic position of the dangling bond surface states of the type III and type V elements to move above and below the semiconductor band gap in the bulk, respectively. Therefore, depending on the polarity of the applied bias between tip and sample, either the empty states of the type III elements (Vsample > 0) or the filled states of the type V elements (Vsample < 0) are imaged ( Fig. 5.3 ). Since the (110) and (110) surface planes contain only half of the (001) layers within the zinc-blende crystal, the atomic rows observed in the cross-sectional STM image are separated by a bilayer distance in the growth [001] direction, which is equal to the lattice constant a 0 . Because there are no surface states present in the band gap of most cleaved III/V semiconductors, the Fermi level at the cleaved surface is unpinned, i.e. it is not forced to assume a specific value in the band gap independent of its value in the bulk material. This allows the electronic properties of the bulk to be probed at energies near the band gap. The bulk states generally contribute with an electronic contrast to STM images that is not related to the actual physical topography of the surface, but governed by factors such as variations in the band gap, doping level and electron affinity.
The electronic contribution to the apparent height in the STM image can be suppressed to a large extent by scanning at high voltages [22, 23] . Since the tunnelling probability decays exponentially with the height of the effective tunnelling barrier, the states with the highest energy contribute most to the tunnelling current. If a sufficiently large voltage is applied during empty state imaging of a heterostructure, the states contributing most to the tunnelling current have energies far above the conduction band edge and the contribution of the lower lying states is negligible. Similarly, the voltage dependent sensitivity of the tunnelling current on doping level can be overcome by injecting electrons above the depletion region. In the case of filled states tunnelling (electron tunnelling from sample to tip), the valence band offset in a heterostructure is smaller with respect to the total barrier height than the conduction band offset, since the effective barrier height for tunnelling is increased by the band gap. Therefore, the resulting electronic contrast is smaller than in the case of empty states tunnelling (electron tunnelling from tip to sample). Thus, as demonstrated in [22, 23] , at high (preferably negative) sample voltages, the electronic contribution to the height contrast is minimized, enabling the acquisition of the true (filled states) topography of the structure, such as the outward relaxation of the cleaved surface.
X-STM topography and strain analysis
When two materials with a different lattice constant are used in a heterostructure, it will accumulate strain. Stranski-Krastanov grown InAs quantum dots are the ultimate example of such strained heterostructures, but also (In,Ga) As quantum wells have built-in strain. When such a structure is cleaved, it reduces its built-in tensile or compressive strain by deforming the cleaved surface. Regions under compressive strain bulge outward while tensile strain depresses the cleaved surface ( Fig. 5.4 ). The strain can be measured in two ways with cross-sectional scanning tunnelling microscopy:
• Strain in the plane of the surface can be deduced from the lattice spacing.
• Distortion normal to the surface can be measured using (filled states) topography imaging, as described before. 
Figure 5.4 Strain relaxation at the cleaved surface of a strained quantum well, (a) Natural lattices of freestanding GaAs and InAs. (b) Due to lattice mismatch the InAs well is strained in GaAs. (c) The strain is released at the cleaved surface by outward relaxation.
The measured outward displacement and strain (measured by the change in lattice spacing) can be used to determine the indium composition of a strained (In,Ga) As nanostructure, by comparing the experimental data with the calculated relaxation and strain using elasticity theory [24] . In the case of quantum wells with a low concentration of indium (<30%), or wetting layers, the indium distribution can also be obtained directly by counting the indium atoms, as will be shown in the next sections. However, in the case of InAs quantum dots the indium concentration is too high to distinguish individual indium atoms, and the only way to determine its composition is by fitting to the measured outward relaxation or change in lattice constant. To calculate the outward relaxation of a cleaved QD we use the package ABAQUS. It is based on continuum elasticity theory and performs a finite element calculation to solve the 3D problem, in which an isotropic material is considered. The measured size and shape of the QDs is introduced in the model and the composition is varied until the calculated profile fits to the experimental one. The real size and shape of the QDs can only be known after scanning a large number of dots, since they will be cleaved at a random position. Figure 5 .5 shows the calculated outward relaxation of the surface of a cleaved InAs/GaAs QD and WL as a function of the position of the cleavage plane. The dots are considered to be truncated pyramids. The corresponding expected size distribution is shown by the solid line in the graph, in which the results of a real X-STM measurement are also shown (squares). Only after scanning a large number of cleaved dots can the maximum base length of the cross-section of the dot be determined, which is indicative for a cleavage near the dot centre. Only the outward relaxation profile of the dots cleaved close to the centre (dots in the region (d)) are used to compare with the model.
Experimental set-up

Sample and tip preparation
Small rectangular pieces (about 3.5 X 10mm
2 ) are cleaved from a wafer containing the semiconductor heterostructure of interest. These wafers are normally 350-550|im thick and are polished down with aluminum oxide powder to a thickness of about 100 \xm, for easy cleavage. For an STM measurement it is essential to have good electric contact with the sample. Therefore, metallic contacts are evaporated at the top surface of the sample after treating it with an N2/ H2 plasma. A small scratch of about 0.5-1.5 mm, which extends to a small notch at the side of the sample, is made at the top surface of the sample using a diamond pen. This scratch facilitates the cleavage of the sample and provides a fixed starting point for the propagation of the cleavage plane. The sample is clamped on a sample holder between two metal bars that can be screwed together, as shown in Fig. 5 .6. Only one corner of the sample is clamped for the unconstrained propagation of the cleavage plane. Between the metal bars and the two surfaces of the sample, at the position where the sample is to be clamped, thin slices of indium are placed. The sample holder is heated in order to melt the indium before tightening the screws. The indium provides an even pressure distribution on the sample, preventing it from cleaving during tightening of the screws and slipping out of the holder when the sample is degassed subsequently in the UHV system. The sample is cleaved in the STM chamber using a gentle touch by a manipulator (the so-called "wobble stick") just before the measurement as shown in Fig. 5.6 . A characteristic crack pattern is also shown in Fig. 5 .6 [25] . After cleavage, the sample is placed into the sample stage and moved towards a mounted tip, with the help of a CCD camera equipped with a telelens. First, the sample is brought close to the tip and then further approached until tunnelling contact is done automatically by the system. After the first tunnelling contact, the tip is retracted and moved several 100 nm towards the edge of the cleavage surface where the grown layers (epilayers) are located. The process of making tunnelling contact and moving towards the epilayers is repeated until the tip moves over the edge of the sample. At this point tunnelling contact is not achieved, which indicates that the location of the epilayers is within several 100 nm. The tips are made of 99.97% pure polycrystalline tungsten wire with a diameter of 0.25mm. A short piece of this wire (~ 5 mm) is spot welded onto an Omicron tip holder and cleaned for use in UHV. The tips are then electrochemically etched with a 2.0 molar potassium hydroxide solution. The top 1-1.5 mm of the tip is put into the solution and a positive voltage (4-5 V) is applied to the tip wire. A platinum-iridium (90%/10%) spiral serves as a counter-electrode. As the reaction products dissolve in the etchant, they sink down along the wire, which is visible from the local change of the diffractive index of the solution. Because of the geometry, the reaction velocity is the highest at the point where the tungsten wire penetrates the surface of the solution. This causes necking of the wire at the surface of the etching solution, as the reaction products owing down the tip shield the rest of the wire. Eventually, the wire will break at the neck leaving a very sharp tip. A current limiter is used to interrupt the etching process immediately (< 1 |is) after the breaking of the wire. The tips are degassed after loading into the UHV system and treated with a 700 eV argon ion bombardment in order to mechanically stabilize the tip.
5.1.2.2.2
The STM unit and the UHV system A commercially available room-temperature STM unit (Omicron STM-1 TS2) is used. The STM set-up is very sensitive to external vibrations, as the tip-sample distance during tunnelling is only a few angstrom. Moreover, the apparent height of the atomic corrugation visible in the STM images is only 20 pm. Therefore, the set-up is vibration isolated with different damping systems. The scanner unit is suspended on a set of springs and stabilized by an eddy current damping system. The eddy current damping system consists of copper fins that surround the scanner and are placed between permanent magnets when the scanner unit is in its suspended position. The STM unit, together with the rest of the set-up, is mounted on a heavy metal tabletop. Rubber dampers between this tabletop and the supporting frame filter out high-frequency vibrations. Lowfrequency vibrations are suppressed by four active damping elements that are mounted between the floor and the frame. In this active damping system several motion detectors are present and several actuator coils counteract the detected motion of the system. Finally, the entire set-up is standing on a heavy concrete platform that is decoupled from the building. A factor of critical importance in cross-sectional scanning tunnelling microscopy on III/V semiconductors is the production of an atomically flat cross-sectional surface that is free of contamination/oxidation, in order to obtain an electronically unpinned surface. Therefore, cleavage of the samples and the subsequent measurement are performed in a home-built ultra-high vacuum set-up ( Fig. 5.7) . The central vacuum chamber (STM), in which the STM unit is positioned, is pumped down by an ion-getter pump (IGP) with a titanium sublimation element (TSE) to a pressure lower than 5 X 10~n torr (Varian Vaclon Plus, 300 litre/sec). During X-STM measurements the inner panel of the IGP/TSE can be cooled down with liquid nitrogen, which enhances the pump speed by a factor of two. In the preparation chamber (PREP), which is separated by a valve from the STM chamber, the tips and samples can be degassed with a baking unit and tips can be treated with an argon ion bombardment. Two oil-free turbo-molecular pumps (Varian V-250 and V-70), installed in series, keep the preparation chamber at a pressure of approximately 6 X 1CP 10 torr. The preparation chamber is connected to a load lock, for loading and unloading the tips and samples without seriously affecting the pressure in the preparation and STM chamber. The load lock is pumped with one of the turbo-molecular pumps (V-70) to a pressure of about 10~6 torr. An XDS5 dry scroll pump provides the necessary pre-vacuum of about 10 _1 torr. During the X-STM measurements all pumps are switched off to prevent vibrations, except the IGP/TSE as this pump contains no moving parts. Two wobble sticks in the STM and preparation chamber are used for manipulation and transportation of the tips and samples.
Formation of the wetting layer
The formation of InAs wetting layers (WLs) has attracted relatively little attention compared to quantum dot (QD) formation [26] [27] [28] . In the simple picture of Stranski-Krastanov growth, after the build-up of a critical amount of strain, 2D layer growth is followed by QD formation. It has become increasingly clear, however, that such a simple picture is far from reality. Recently, In incorporation during pseudomorphic InAs/GaAs growth and QD formation was observed by in situ stress measurements [29] . In this section we analyse the composition and segregation of InAs WLs by either directly counting the indium atoms or by analysis of the outward displacement of the cleaved surface as measured by X-STM.
As mentioned in the introduction, the measured outward relaxation profile at high negative voltage can be compared to the calculated one to deduce the In concentration in the WL. By modelling the indium segregation, the outward displacement of the segregated WL can be calculated by integration of the analytical expression derived by Davies for the outward displacement of a cleaved quantum well [24] . Several models for indium segregation have been proposed [30] [31] [32] [33] . We use the phenomenological model of Muraki et al. [31] , which has been shown to describe well the indium composition x(n) of InAs WLs [28] :
where n is the monolayer (ML) index, N is the total amount of deposited indium and R is the indium segregation coefficient. N and R are determined by fitting the calculated relaxation profile to the measured relaxation profile. The WLs were grown by molecular-beam epitaxy (MBE) on doped GaAs (100) wafers. In sample A, three different sets of WLs were grown at 495°C by deposition of 1.5 ML, 2.0ML and 2.5 ML of InAs, respectively, at a growth rate of 0.1 ML/s. Each layer was repeated two times, separated by a 50nm GaAs buffer layer, also grown at 495°C. A growth interruption of 10 seconds has been applied after the growth of each layer. No dot formation was observed for the layers with 1.5 ML indium deposition. In sample B, two sets of WLs were grown at 480°C by deposition of 2.0ML of InAs at a high and a low growth rate of 0.1 ML/s and 0.01 ML/s, respectively. Each layer was repeated two times and capped by a 20 nm GaAs layer grown at 480°C, followed by a 30nm GaAs layer grown at 580°C. A growth interruption of 10 seconds has been applied after the growth of each layer. In sample C, one set of InAs layers was grown in GaAs while a second set was grown in AlAs barriers. The InAs layers were grown at 500°C by deposition of 1.9 ML of InAs in a cycled way, i.e. with a 3 second pause after each deposition of 0.25 ML, at a growth rate of 0.043 ML/s. The following layer sequence was used: 20 nm GaAs/1.9ML InAs/40nm GaAs/1.9ML InAs/40nm GaAs/50nm GaAs (doped 1 X 10 18 cm" 2 )/20nm GaAs/4 X (20nm AlAs/1.9ML InAs/20nm AlAs/40nm GaAs). To reduce interface roughness, the bottom AlAs barriers were grown at 600°C followed by a growth interruption prior to InAs deposition.
Sample A was used to study the effect of the amount of indium deposition on the WL formation. We measured the relaxation profiles of the WLs and fitted these with calculated relaxation profiles, by adjusting the fit parameters N and R. The resulting segregation profiles were verified by counting directly the number of indium atoms in the WL as a function of distance in growth direction. For the counting procedure, we selected four high-quality images of each layer, such as the one shown in In all three cases, we find an excellent agreement between the indium profile determined from the outward relaxation of the surface, and the direct counting procedure. For the 1.5 ML WL, the measured amount of indium N corresponds to the deposited amount, since no indium has gone into dot formation. For the 2.0ML and 2.5 ML WLs, however, we find a clear indium enrichment of the WL, despite dot formation.
In Stranski-Krastanov growth mode, strain builds up until the critical amount of indium for dot formation is deposited [34] . It has been shown that only part of the deposited amount of indium contributes to the strain, by incorporation into the lattice, while the remaining indium forms a floating layer on the surface [29] . During dot formation, part of the floating indium is transferred by lateral mass transport to the dots. The amount of indium that remains in the dots, however, is strongly reduced by the capping process, which dissolves the top of the dots back into the WL, as we will show in sections 5.2 and 5.4. The dissolved indium adds to the remaining floating indium, and is eventually incorporated into the lattice, during continued capping. That is the reason for the observed indium enrichment of the WL after dot formation.
We used sample B to study the effect of a reduced growth rate on the WL formation, ft is known that a reduced growth rate leads to an increased QD size and a reduced QD density. However, it is not a priori clear how this will affect the formation of the segregated WL in the buried structure, fn Fig. 5.10 we show the average measured and calculated relaxation profiles of the InAs WLs of sample B. The dashed lines indicate the relaxation profiles calculated directly from indium atom counting using different images. We find that the high (0.1 ML/s) and low (0.01 ML/s) growth rate InAs WLs can be described by the same parameters within errors. However, there is, as expected, a marked difference in the size of the QDs, shown in Fig. 5.11 . Whereas the QD grown at the high growth rate appears as a rather flat, disk-like shape with a height of 3 nm (Fig. 5.11a ), the QDs grown at low rate show an indium distribution with a reversed truncated cone shape [35] with a height of 5.4 nm (Fig. 5.11b ). We studied the effect of the host material by analysing the segregation of InAs WLs grown in the AlAs barriers of sample C, and comparing this to the segregation of InAs WLs grown, under the same growth conditions, in a GaAs matrix, ft has been shown that QD formation in the InAs/AlAs system is kinetically limited due to a reduced lateral In migration on the AlAs surface, because of the larger Al-In bond strength [36] . In the next section the marked differences in the structural properties of the dots grown in GaAs and AlAs will be discussed [37] . Figure 5 .12 shows the averaged measured and fitted relaxation profiles. We find that the vertical indium segregation in AlAs and GaAs can be described by almost the same parameters, in agreement with [2 7] . This indicates that, in contrast to the lateral In migration, the vertical indium segregation is strain driven rather than determined by the chemical bond strength. 
Figure 5.12 Measured and fitted relaxation profiles of the segregated InAsWLs in GaAs (a) andAlAs (b).
It is known that vertical indium segregation is reduced at lower growth temperatures [38] . As will be shown in section 5.4.1, we have reported that reducing the growth temperature to 300°C after capping of the WLs with three monolayers of GaAs leads to a dramatic reduction of the indium segregation [19] . However, such a capping procedure also leads to the almost complete dissolution of the QDs into the capping layer due to their partial coverage.
Another drastic example of the effects of partial capping is the formation of quantum rings (ORs). ORs can be grown by the partial capping of QDs with 2 nm of GaAs and subsequent annealing [39] . Recently, we observed that during this process, a second layer of indium accumulates on the surface of the capping layer, which is due to vertical segregation of indium from the WL and to lateral migration on the surface of indium atoms that have been expelled from the QDs during OR formation [40] [41] [42] [43] . After continued capping, the second layer of indium itself forms a segregated indium distribution.
Finally, we show in outside the V-groove, it can be seen that during GaAs overgrowth, the indium segregation and migration facilitates a rapid planarization of the growth front, in the presence of indium atom accumulation in the V-groove.
To summarize, we have shown that the composition of (segregated) InAs WLs can be determined by either directly counting the indium atoms or by analysis of the outward displacement of the cleaved surface as measured by X-STM. We used this approach to study the effects of the deposited amount of indium, the InAs growth rate, and the host material on the formation of the WLs. We conclude that the formation of (segregated) WLs is a delicate interplay between surface migration, strain-driven segregation and the dissolution of quantum dots during overgrowth.
Dependence of the QD structural properties on the substrate material (GaAs vs AlAs)
Self-assembled InAs quantum dots embedded in an AlAs matrix have been of recent interest because of their larger confinement potential compared to InAs QDs in a GaAs matrix and their use in resonant tunnelling devices [44] . In order to understand the formation and the electronic properties of InAs QDs in AlAs, detailed information about the composition of the QDs is needed. Several studies have been reported on the effect of indium supply and growth temperature on the structural and optical properties of InAs QDs grown on AlAs [45, 46] . It has been shown that InAs QDs grown on AlAs exhibit smaller sizes and larger densities compared to InAs QDs that were grown on GaAs under similar growth conditions. This has been attributed to a reduced diffusion of In adatoms on the AlAs surface due to a higher surface roughness and the larger Al-In bond strength [45] .
In this section we use X-STM measurements to determine the composition of InAs QDs and WLs grown on AlAs, and compare this to InAs QDs that were grown on GaAs under identical growth conditions. The QDs were grown by MBE on doped GaAs (100) wafers. During growth of the QDs the substrate temperature was maintained at 500°C. A 1.9 ± 0.1 monolayer (ML) of InAs was grown in a cycled way, i.e. with a 3 second pause after each deposition of 0.25 ML, at a slow growth rate of 0.043 ML/s. After a 500 nm doped (1 X 10 18 cm~2) GaAs buffer layer the following sequence was grown: 20 nm GaAs/1.9ML InAs/40nm GaAs/1.9ML InAs/40nm GaAs/50nm GaAs (doped 1 X 10 18 cm~2)/20nm GaAs/4X(20nm AlAs/1.9ML InAs/20nm AlAs/40nm GaAs). To reduce interface roughness, the bottom AlAs barriers were grown at 600°C followed by a growth interruption prior to InAs deposition. Figure 5 .14a shows a large-scale filled-states topography X-STM image of the structure. Three layers of QDs grown on AlAs and two layers of QDs grown on GaAs are visible in the image. Compared to GaAs, the QDs grown on AlAs show a smaller size and have a significantly larger density of about 3 X 10 n cm~2. Many QDs were imaged and the largest ones selected for analysis. It can then be assumed that these QDs are cleaved near their middle.
In Fig. 5 .14b and c we compare high-voltage filled-states topography images of individual QDs grown on GaAs and AlAs, respectively. These images show the surface relaxation which varies with the local indium distribution in the QDs. From the contrast in the images it can be seen that the InAs/AlAs QD has a more homogeneous surface relaxation than the InAs/GaAs QD. We calculated the outward relaxation and the strain distribution of the QDs with the finite element calculation package ABAQUS. The QD shape was modelled by truncated pyramids with sizes determined by the X-STM measurements while the indium distribution was varied in order to get the optimal fit to the measured outward relaxation. The best results were obtained by allowing the modelled QDs to be cleaved at a plane 1 nm above their diagonal. The diagonal base length and the height of the InAs/GaAs QD are 28.4nm and 6nm, respectively. For the InAs/AlAs QD the diagonal base length is 19 nm and the height is 4.2 nm. The calculated relaxation of the cleaved surface of the QDs is shown in Fig. 5 .14d and e using the same colour scale as in the corresponding X-STM images ( Fig. 5.14b and c) . From the calculated strain distribution, lattice constant profiles were derived which were used to verify the fitting results. 
.14 Filled states topography X-STM image of (a) three QD layers embedded in40nm thick AlAs barriers and two QD layers grown in GaAs, (b) InAs/GaAs QD, (c) InAs/AlAs QD. (d) and (e) show the calculated outward relaxation corresponding to (b) and (c). The colour scale for (b) and (d) is 0 (dark) to 600pm (bright). The colour scale for (c) and (e) is 0 (dark) to 450pm (bright). V samp [ e = -3 V.
From the change in lattice constant, which is determined by the strain distribution in and around the QDs, it can be seen that there is compressive strain above and below the QDs.
For the InAs/GaAs QD, there is a clear increase in lattice constant towards the top of the QD, which indicates an increasing indium concentration. This can also be seen by the slight asymmetry in the relaxation profile of the InAs/GaAs QD. From X-STM and photocurrent experiments, it has been shown that low-growth rate InAs/GaAs QDs have an increasing indium concentration in the growth direction [47, 48] . However, other groups have reported InGaAs QDs with laterally non-uniform indium compositions showing an inverted-triangle, trumpet or truncated reversed-cone shape [26, [49] [50] [51] . We find that the indium distribution of our low-growth rate 
Figure 5.15 Calculated and measured relaxation profiles through the centre of the QD in the growth direction for an InAslGaAs QD (a) and an InAs/AlAs QD (b). (c) and (d) are the corresponding calculated and measured lattice constant profiles, (e) and (f) show the measured and calculated relaxation profiles of the WLs in GaAs and AlAs.
InAs/GaAs QDs mostly resembles the trumpet shape proposed by [26] which we describe with a linear gradient in both the growth direction and lateral direction. Along the centre of the QD, the indium concentration increases with 80% at the base to 100% at the top of the QD. The gradient in the lateral direction is dependent on position along the growth direction. At the base of the QD, it varies linearly from 80 to 40% from the core to the perimeter, while at the top of the QD it remains constant. For the InAs/AlAs QD best fit results were obtained by an indium gradient of 85 to 70% decreasing from base to top of the QD. In this case there is no indication for a lateral gradient in the indium composition. We attribute the observed differences in indium composition and size of the QDs in GaAs and AlAs to the combined effects of (a) the reduced diffusion of In on AlAs compared to GaAs, (b) the reduced intermixing for the InAs WL on AlAs, and (c) the capping process. It is known that the indium accumulation in QDs is determined by strain minimization during growth. However, the preferential indium aggregation at the In-rich region of the dot is limited by the lateral diffusion of indium in the case of growth on the AlAs substrate, which results in a reduced QD size and increased QD density.
Furthermore, top-view STM experiments have shown that the surface reconstruction of the InAs wetting layer on AlAs indicates less intermixing for the WL [52] , which together with the reduced mobility of In on AlAs, explains the homogeneous indium distribution in the base of the InAs/AlAs QDs. It has been proposed that the growth of dots on AlAs is initiated by 2D islands which develop into small 3D islands for higher InAs depositions [52] . This is in contrast with the growth of dots on GaAs where dot formation is initiated by small indium-rich nucleation centres which develop into trumpet-shaped indium distributions by the preferential diffusion of In to the apex of the dot [26] . These growth mechanisms are supported by our observation of the indium distribution inside the dots.
The observed decrease of the indium concentration towards the top of the InAs/AlAs QD might be caused by the residual incorporation of AlAs in the top of the dot during the capping process. In order to reduce the total strain field in the QD some capping material is incorporated in the top of the dot. In the case of GaAs capping, the diluted part of the dot is very mobile and therefore disappears very quickly during capping, causing levelling of the QDs. The InAs diluted by Al, however, is much less mobile due to the stronger Al-In bond strength and therefore more diluted material at the top remains in place.
In Fig. 5 .15e and f we show measured and calculated relaxation profiles of segregated WLs in GaAs and AlAs that were grown at a higher temperature of 530°C. These WLs did not show dot formation. The indium segregation profile of the WLs can be simply described by the phenomenological model of Muraki et al. described in the previous section [27, 31] . Based on this model, we calculated the outward relaxation of the WLs using the analytical expressions by Davies et al. [24] . The optimal fit to the experimental relaxation profiles was obtained with N= (1.9 ± 0.1)ML, R = 0.79 ± 0.03 and N = (1.9 ± 0.1)ML, R = 0.78 ± 0.03 for the InAs WLs in GaAs and AlAs, respectively, where N is the total amount of deposited In and R the segregation coefficient. The obtained values for N are in agreement with the nominal deposited amount of indium. We do not find a significant difference in the segregation coefficients of indium in AlAs and GaAs as was concluded by Schowalter et al. [27] . The small apparent difference between the relaxation profiles of the WLs can be attributed to the difference in lattice constants of GaAs and AlAs. We conclude that InAs segregation does not play a role in the difference in the formation of QDs in AlAs and GaAs.
In summary, InAs QDs grown on GaAs are larger than those grown on AlAs, and they show both a lateral and a normal gradient in the In composition, while InAs/AlAs QDs show only a vertical gradient and with an opposite sign (In concentration decreasing from bottom to top). The WLs on GaAs and AlAs do not show significant differences, so we suggest that the segregation of the WL is mainly strain driven, whereas the formation of the QDs is also determined by growth kinetics. In particular, the observed differences between QDs are due to the reduced mobility of In in AlAs due to the higher Al-In bond strength, which modifies both the QD formation and capping processes.
Capping process of InAs quantum dots
In previous sections we have studied relevant aspects of the WL and QD formation process. Nevertheless, once created, the QDs are subsequently capped, a step which is required for any device application. Although a lot of effort has been dedicated to understand the QD growth mechanism, there are relatively few studies focused on the effect of the capping process [12] [13] [14] [15] [16] [17] [18] [19] [20] . Some of these studies have already shown significant differences in size, shape and composition between uncapped and capped QDs. For example, an important collapse of the QD height has been reported for InAs/GaAs QDs capped with GaAs [14, 15, [17] [18] [19] , revealing the big influence of the capping process on the structural properties of the QDs.
In this section we use X-STM to analyse the capping process of InAs QDs. The effect of the capping temperature and growth interruptions is studied, as well as the impact of using different materials in the capping layer. The possibility of controlling the QD height with a double capping method is also discussed.
Capping temperature and growth interruptions
Levelling of InAs/GaAs QDs after deposition of thin GaAs cap layers has been clearly revealed by top-view STM [18, 58] and atomic force microscopy (AFM) [54] . The levelling process has been attributed to the additional strain build-up between the cap layer and the partially relaxed InAs QDs [18, 54] to destabilize the QDs. These experiments, however, lack information about the shape and, in particular, the residual height of the QDs which is the most important parameter determining the electronic properties. In this section, we study the GaAs-capping process of InAs QDs on GaAs(lOO) by X-STM. The role of the capping temperature and growth interruptions is discussed. Detailed and accurate results of the QD levelling are presented, which are essential for understanding the capping process and the control of the structural and electronic properties of InAs QDs.
The samples were grown by solid source MBE on Si-doped n-type GaAs(lOO) substrates. After oxide desorption at 580°C, a 150 nm thick GaAs buffer layer was grown. Then the substrate temperature was lowered to 5 00°C for deposition of 2.1 ML InAs. Formation of InAs QDs was verified by the sharp transition from streaky to spotty of the reflection high-energy electron diffraction pattern. Thereafter, for samples A-D different capping procedures were applied: (A) deposition of 10 nm GaAs at 500°C followed by 150nm GaAs growth at 580°C; (B) cooling down the sample to 300°C before capping the InAs QDs by lOnm GaAs at the same temperature and growth of 150nm GaAs at 580°C; (C) capping the InAs QDs by 3ML GaAs at 500°C, then cooling down the sample to 300°C for deposition of 150 nm GaAs; and (D) capping the InAs QDs by 3 ML GaAs at 500°C followed by a growth interruption (GI) of time t, deposition of 10 nm GaAs at the same temperature, and growth of 50 or 150nm GaAs at 580°C. In sample D five such InAs QD layers were inserted with GI times t of 0, 20, 40, 60, and 90 seconds, separated by 60 nm GaAs. An extra 30 nm GaAs spacer was grown as a marker between the QD layers with GI times t of 40 and 60 seconds. The time for cooling down samples B and C from 500 to 300°C was 4 minutes. The growth rates were 0.58 and 0.06ML/s for GaAs and InAs, respectively, and the As A beam equivalent pressure was 1 X 10~5torr. It is well established that InAs QDs buried in the conventional way of sample A exhibit a reduced height compared to unburied ones due to QD levelling [18, 53, 54] . In order to determine the QD height reduction, the shape change during overgrowth of the InAs QDs in sample B is strongly suppressed by capping them at 300°C. The filled state's topography X-STM image of an InAs QD in sample B is shown in Fig. 5.17a with the filtered image in Fig. 5.17b . The InAs QD exhibits very sharp and well-defined interfaces confirming the suppressed QD levelling, atom diffusion, and segregation [29] and, thus, the preservation of the QD shape [56, 57] . The height of the InAs QD is 12 BLs which is 4BLs larger than that of the QDs in sample A. This indicates that during conventional capping at 500°C the QD height is reduced by about one third of the original one. When InAs QDs are capped only by a very thin GaAs layer, strong QD levelling or QD collapse occurs. Figure 5 .18 shows the filled state's topography and filtered images of such InAs QDs in sample C. The QDs are capped at 500°C by 3ML GaAs and subsequently overgrown at 300°C to further maintain the shape. During the thin GaAs capping and cooling down, the levelling of the InAs QDs leads to a rather homogeneous (In,Ga)As layer in between the QDs due to In detachment from the QD tops, Ga/In intermixing, and In segregation with a thickness of about 4 BL, which is much thicker than the original InAs wetting layer. Intermixing with the GaAs substrate [58] expected during the growth of InAs at 500°C additionally contributes approximately 3 ML of GaAs to the (In,Ga)As layer, which is derived by subtracting the thicknesses of deposited InAs (2.1 ML) and GaAs (3 ML) from the total (In,Ga)As thickness of 4 BL. After levelling of the QDs, unincorporated In floating on the surface is pinned there by the low-temperature GaAs capping and forms an In-rich layer marked by the arrow in Fig. 5.17b . The sharp interface between this layer and the lowtemperature GaAs cap confirms that In segregation and diffusion in growth direction are strongly suppressed for GaAs overgrowth at 300°C. Most interestingly, the InAs QDs are completely levelled to the thickness of the (In,Ga)As layer in between them, which is much smaller than the height of the QDs observed in sample A. This suggests that the conventional, continuous GaAs capping at 500°C in sample A not only drives QD levelling during the initial stage, like the thin GaAs capping in sample C, but also quenches the levelling process when the QDs become buried. To assess the time scale of QD levelling which is, thus, crucial for the final size and shape of the buried QDs, varying GI times are inserted in sample D after deposition of 3 ML GaAs at 500°C on the InAs QDs prior to GaAs overgrowth. Figure 5 .19 shows the filled state's topography image of the InAs QDs in sample D with GI times of 0, 20, 40, 60, and 90 seconds in subsequent layers. Clearly, the height of the InAs QDs capped without GI (first layer) is significantly larger than that of the QDs with insertion of 20 seconds GI. No significant further decrease in QD height is observed when the GI time is increased to 90 seconds. Hence, QD levelling during thin GaAs capping and GI takes place on a time scale of less than 20 seconds. For the present GaAs growth rate, this is comparable to the time required for growing several nanometres of GaAs to fully bury the QDs by continuous overgrowth. This indicates that both the driving and quenching of the QD levelling in conventional capping take place on a similar timescale. The size and shape of the buried QDs are therefore determined by a delicate interplay between driving and quenching of the QD levelling which is controlled by the GaAs growth rate and growth temperature.
A model based on the above experimental results is proposed for the growth of InAs QDs embedded in GaAs. The growth of InAs commences in the two-dimensional (2D) layer-by-layer mode until the InAs thickness reaches the critical value of 1.7 ML for InAs QD nucleation to reduce the accumulated strain. The InAs QDs are formed by In atoms transported massively from the 2D InAs layer, leaving a thin wetting layer on the surface. The whole system is stable at the minimum of the total energy composed of the surface energy, the strain energy, and the interface energy. Subsequent capping of the InAs QDs by GaAs, on the other hand, introduces extra strain energy between the GaAs cap and the InAs QD layer, resulting in an unstable system and the consequent QD levelling process. In atoms are redistributed from the InAs QD tops to the areas in between them during the QD levelling. They contribute to a several nanometres thick (In,Ga)As layer with an exponential In composition decay due to In segregation and Ga/In intermixing during overgrowth [28] , reducing the lattice mismatch and, hence, the total energy of the system. Thus, the thickness and the In composition profile of the (In,Ga)As layer in between the InAs QDs strongly depends on the QD levelling and In segregation. It is important to note that the QD levelling is very sensitive to the substrate temperature and is strongly suppressed at low growth temperatures, where it becomes more and more difficult to thermally break the In-As bonds. In addition to Figure 
Filled states topography X-STM image of the five InAs QD layers in sample D. The InAs QDs are capped by 3ML GaAs at 500°C, followed by a GI and alOnm GaAs cap grown at 500°Cplus a GaAs separation layer at 580°C. V samp [ e = -3.0V. The increasing GI times of 0, 20, 40, 60, and 90 seconds are noted in the image. The arrow indicates the growth direction. The black-to-white height contrast is 0 to 0.5nm.
inducing QD levelling, the GaAs cap buries the InAs QDs, thereby quenching the levelling process during continued overgrowth. Therefore, the size and shape of the embedded InAs QDs are determined by a delicate interplay between driving and quenching of the QD levelling during capping, which depends strongly on the growth rate and growth temperature of the GaAs cap.
In summary, we have investigated the GaAs-capping process of InAs QDs grown by molecularbeam epitaxy on GaAs(lOO) substrates. In its initial stage, GaAs capping induces levelling of the QDs to drastically decrease their height. During continuous capping the QD levelling is quenched when the QDs become buried. Both phenomena, driving and quenching of the QD levelling, take place on a similar time scale and are very sensitive to the GaAs growth rate and growth temperature. This understanding opens up an efficient route for controlling the size and shape of buried QDs.
Capping with different materials
We have seen how the QD structure is strongly affected by capping with GaAs and how this process is very sensitive to the growth temperature and growth interruptions. Since GaAs is the most commonly used capping material for InAs/GaAs QDs, the existing structural studies of buried InAs/GaAs QDs have been mainly devoted to GaAs-capped QDs. Nevertheless, different materials such as InGaAs and GaAsSb are nowadays used to cap InAs/GaAs QDs in an effort to extend its emission wavelength to the technologically interesting 1.3-155 \xm region [59] [60] [61] [62] [63] [64] . For InAs/ InP QDs, capping materials other than InP, like InGaAsP, have also successfully been used for laser applications [65] [66] [67] .
The use of different capping materials strongly affects the emission wavelength and therefore should strongly affect the QD electronic and/or structural properties, such as size, shape, composition, strain, band offsets, etc. Indeed, critical issues occurring during capping like dot decomposition, intermixing, segregation, As/P exchange and phase separation in the capping layer depend on the capping material. To understand the impact of the capping material on the structural properties of the QDs is consequently of crucial importance.
In this section, we have used X-STM to analyse at the atomic scale how capping with different materials influences the structural properties of InAs QDs in GaAs and InP. The role of the different effects occurring during capping (intermixing, segregation, As/P exchange, compositional modulation in the capping layer, etc.) is determined. First, we study the capping with strained layers to reveal the role of strain. For that we used InAs QDs grown on (100) GaAs capped with InGaAs and GaAsSb strain reducing layers. Then we study the capping with lattice matched layers (with respect to the substrate), where the chemical effects could dominate the process. For that we study InAs dots grown on (311)B InP that were capped by either InP, InGaAs or InGaAsP (the last two materials being nominally lattice matched to InP). While strong morphological differences are found when strained layers are used, the difference between various lattice-matched capping materials is more subtle, although also relevant for device applications.
Capping with strained layers
When InAs/GaAs QDs are capped with a material which has a larger lattice constant than GaAs (and consequently closer to the one of InAs), the strain induced in the dot during capping could be smaller, which would red shift the emission wavelength. In addition, the modified strain difference could induce differences in dot size, shape and composition since dot decomposition during capping could be influenced by the strain. This is what we analyse in this section.
InGaAs capping of InAs/GaAs QDs
Capping with InGaAs has become popular in the last few years because it allows the emission wavelength of InAs/GaAs QDs [59] [60] [61] [62] [63] to be increased considerably. It is therefore very interesting to study how the structural properties of InAs QDs are affected by an InGaAs strain reducing layer.
The sample used in this study was grown by solid source MBE on an n + Si-doped (100) GaAs substrate. 2.7MLs of InAs were deposited at 500°C and O.lML/s on an intrinsic GaAs buffer layer. The QD layer was capped with a nominally 6 nm thick Ino.15Gao.85As layer grown at 500°C at a growth rate of 0.5 ML/s. Figure 5 .20 shows a high voltage filled states image of an InAs/GaAs QD capped with InGaAs. The InGaAs layer is not well appreciated in this image because the contrast is dominated by the cleavage induced defects close to the dot. The dot is 7.0 ±0.5 nm high, considerably higher than the typical GaAs-capped QDs, which are 3-5 nmhigh, as shown in previous sections [15, 18, 19] . Nevertheless, the top facet is not as well defined as in the GaAs case and the In content decreases gradually in the growth direction (that is why the error in determining the height is larger). The In composition in the capping layer was deduced by the analysis of the outward relaxation. The fit shown in Fig. 5 .21 was found when an 8.5 nm thick layer (as measured from the X-STM images) with 17% In content is considered in the calculation. The In content is close to the nominal value (15%), although the layer is considerably thicker than the nominal 6nm. The lattice mismatch between InAs and the capping layer is now 0.056, about 17% smaller than in the case in which GaAs capping is used. We think that the reduced dot decomposition during capping is related to this smaller lattice mismatch; the result is that the dot height is increased by factor of ~2 compared to GaAs capping. This interpretation is in agreement with previously reported results in which QDs capped with InGaAs instead of GaAs are shown to retain their shape during the initial stages of capping [71, 72] . It could be argued that the increase in dot height is due to strain induced compositional modulation in the capping layer [68] . Although part of the increase in dot height could be due to that effect, we think that its contribution should be very small, since no traces of compositional modulation are observed in the capping layer. The role of the strain can be clarified by using GaAsSb as the capping material, because in this case the InAs dot height cannot increase due to phase separation in the capping layer. 
GaAsSb capping of InAs/GaAs QDs
In the last few years, GaAsSb capping layers have also been used to increase the emission wavelength of InAs/GaAs QDs [63, 69] and room temperature photoluminescence at 1.6\xm has recently been reported from GaAsSb-capped In(Ga)As/GaAs QDs [64, 70] . The strong red shift observed by using GaAsSb instead of GaAs capping layers has been attributed to a type II band alignment [64, 70] . However, the structural properties of these QDs have not been studied, despite the fact that they could be significantly different from those of GaAs-capped QDs. Due to the larger lattice constant of GaAsSb compared to GaAs, the strain induced in the dot during capping could be smaller, which would further red shift the emission wavelength and could affect the dot size, shape and composition, as was the case with InGaAs capping.
The studied samples were grown by solid source MBE on n + Si-doped (100) GaAs substrates. In the first sample (sample A), 2.7 monolayers (ML) of InAs were deposited at 500°C and O.lML/s on an intrinsic GaAs buffer layer. The QDs were capped with a nominally 6nm thick GaAso.75Sbo.25 layer grown at 475°C. In the second sample (sample B), two QD layers were grown under the same conditions (2.7ML of InAs deposited at 500°C and O.lML/s). The first layer was capped with GaAs, and the second with 6 nm GaAso.75Sbo.25-The capping temperature was 500°C in both cases. A layer of surface QDs was also grown for atomic force microscopy measurements.
A number of individual QDs were analysed in sample A in order to extract information concerning their size, shape and composition. Figure 5 .22 shows a high voltage filled states topography image of a QD in this sample. The group V elements are imaged in this measurement so that the bright spots are Sb atoms in the As matrix. Sb segregation into the GaAs layer is clearly observed. Contrary to what happens when capping with GaAs at similar temperatures [12] , the capping layer covers all of the dot. This behaviour cannot be attributed to a larger bond strength preventing Ga migration on the growth surface, since the Ga-Sb bond is weaker than the Ga-As one (45.9 and 50.1 Kcal/mol, respectively). The reason is likely to be the smaller strain that exists between the partially relaxed InAs QDs and the GaAsSb capping layer. This smaller strain can be accommodated by the system at the present growth temperature (475°C) without inducing the migration of capping material away from the top of the dots. The dot is a full pyramid with a diagonal base length of 32 ± 2 nm. The height is 9.5 ± 0.2 nm, much larger than that of typical GaAs-capped QDs (3-5 nm high) [15, 18, 19] . This result indicates that the QDs are not dissolved during capping with GaAsSb. The Sb composition in the capping layer can be obtained directly by counting the individual Sb atoms in the filled states images, for example Fig. 5.23a . The Sb concentration profile as a function of distance along the growth direction is plotted in Fig. 5 .23b. The average Sb content is 22%. This result can be checked by also analysing the outward relaxation of the cleaved surface. The relaxation of the capping layer was compared to calculations from continuum elasticity theory. The fit shown in Fig. 5 .23c was obtained for a 5 nm thick layer (as measured from the X-STM images) with a 25% Sb composition. The agreement between theory and experiment is quite good in the region of the layer itself, but deviates above the layer. This deviation is due to the effect of Sb segregation, which is not included in the model but is clearly present in the structure (see Fig. 5 .23a and the asymmetry in the Sb profile obtained by atom counting). The obtained Sb concentration of 22-25% agrees well with the nominal growth value. The lattice mismatch between this GaAsSb composition and relaxed InAs is 0.048, about 28% smaller than in the case in which GaAs capping is used. We propose that the fact that dot decomposition during capping is suppressed is related to the reduced strain between the dot and the capping layer, although chemical effects due to the presence of Sb could also be relevant. The fact that the lattice mismatch is now considerably smaller than in the InGaAs-capped sample studied before could explain the fact that the dots are now completely preserved while they are still partially dissolved when capping with Ino.15Gao.85As, although the different chemistry in the two cases must be taken into account. 
Figure 5.23 (a) Topography image of the GaAsSb capping layer (V = -3V). The bright spots are Sb atoms in the As matrix. Sb segregation into the GaAs layer is clearly observed, (b) Sb concentration profile in the capping layer is obtained by counting individual Sb atoms, (c) Measured (solid line) and calculated (dotted line) outward relaxation profiles of the GaAsSb capping layer. A 5nm thick layer (as measured from (a)) with a25%Sb content was used in the calculation.
The composition of the QDs can also be estimated from an analysis of the outward relaxation. The size and shape of the dots obtained from the images are used as input parameters for the model and the composition is changed until the calculated outward relaxation profile of the dot fits the experimentally determined one. We assume that the dot with the largest observed base length is cleaved through the middle and that the dots have a square base with the edges along the <100> directions. The largest measured baselength was 32 nm (see Fig. 5.22 ) which corresponds to a square with 23 nm. Figure 5 .24 shows the fit to the outward relaxation profile through the middle of the dot, obtained when a trumpet-like shape In composition inside the QD is included in the model. The fit deviates in the region above the dot, probably due to the fact that Sb segregation is not included in the calculation. The In content increases from 80% at the bottom to 100% at the top of the QD and from 40% in the corners to 80% in the centre of the base (see inset of Fig. 5.24) . This is the same non-uniform In composition that we found in section 5.3 in GaAs-capped InAs/GaAs QDs [73] and similar to what has been previously proposed in [26] . It is attributed to In-Ga intermixing. The presence of In-deficient corners in the present GaAsSbcapped QDs indicates that they are not necessarily created by a redistribution of material from the top of the island to the bottom during capping, as has been recently reported [74] . In the present case, the top of the dot is not dissolved during capping but the In-poor corners are still present, hence they must originate during an earlier stage of the QD formation process.
In order to confirm the observed differences between QDs capped with GaAs and GaAsSb, sample B was studied. This sample contains QDs capped with both GaAs and GaAsSb, with both capping layers grown at the same temperature as the InAs QDs. From an analysis of the measured outward relaxation, the Sb concentration on the GaAsSb layer was found to be 24%. However, the properties are different to those of sample A because the GaAsSb capping layer does not completely cover the dots, with their apex remaining uncovered (see Fig. 5.25a) . As the only difference between samples B and A is that the capping temperature was 25°C higher in sample B, it can be concluded that this increase in temperature is sufficient to allow the capping material to migrate from the relaxed apex of the dot, minimizing the strain [12] . This observation reveals that the final dot/GaAsSb capping layer configuration is very sensitive to the capping temperature. Despite this fact, differences in the QD structure for GaAs and GaAsSb capping are clearly revealed in Fig. 5.25 . The GaAsSb-capped QDs (Fig. 5.25a ) are again full pyramids, with a height of 8.3 ± 0.2 nm, while the GaAs-capped QDs (Fig. 5.25b ) are truncated pyramids, with a height of only 3.8 ± 0.2 nm. QDs capped with GaAs are significantly dissolved during capping, while the shape of QDs capped with GaAsSb (~25% Sb) at the same temperature is preserved. This result is confirmed by atomic force microscopy measurements on uncapped surface QDs, which are found to have a height of 8 ± 1 nm, in good agreement with the height of the GaAsSb-capped QDs. The base length of the strongly dissolved GaAs-capped QDs is smaller than that of the preserved GaAsSb-capped dots (20 vs 26 nm, respectively), indicating that the material redistribution during capping is not from the apex to the base of the dot [74] , but occurs instead to the wetting layer (WL), as was also shown in section 5.2. This is in agreement with the observation of a significantly higher In content in the WL of GaAs-capped QDs (1.8MLs vs 0.8 MLs in GaAsSbcapped QDs), obtained by counting individual In atoms in the X-STM empty states images.
The present results indicate that strain could be playing an important role in inducing dot decomposition during capping, and that decreasing the dot/capping layer lattice mismatch could strongly reduce dot decomposition. The fact that InAs/GaAs QDs capped with GaAsSb are much bigger than those capped with GaAs should also be taken into account when explaining the observed red shift of the emission wavelength for GaAsSb-capped QDs.
In conclusion, X-STM has been used to study at the atomic scale the effect of InGaAs and GaAsSb capping layers on the structural properties of self-assembled InAs/GaAs QDs. QDs capped with a GaAsSb layer with 22-25% Sb are much larger than typical GaAs-capped QDs. GaAsSbcapped QDs exhibit a full pyramidal shape of 8.3-9.5 nm height, while the same dots capped with GaAs are truncated pyramids with a height of only 3.8 nm. QDs capped with Ino.15Gao.85As are between those two extreme cases. This finding indicates that dot decomposition during capping is suppressed by using GaAso.75Sbo.25, this is likely related to the reduced dot/capping layer lattice mismatch, although chemical effects due to the presence of Sb could also be relevant. 
Capping with lattice-matched layers
The results shown in the previous section seem to indicate that strain could be playing a mayor role in inducing dot decomposition during the capping process. Nevertheless, chemical effects should also be relevant, specially in the case of InAs/InP QDs, in which the As/P exchange reaction is known to be present. In order to study the chemical effects, different capping materials were used, all of them with the same lattice parameter, so the differences due to strain are eliminated.
The samples used in this study were grown by gas source MBE on an Si-doped (31 l)B-oriented InP substrate. This substrate orientation is very attractive for laser applications because, in comparison with InAs dot formation on conventional (100) InP substrates, a higher density of dots having a smaller size dispersion has been achieved on (311)B InP substrates [65, 66] . Indeed, room temperature lasers with low threshold current density emitting at 1.5 \xm were recently demonstrated [67] . In the analysed sample the growth temperature was set to 480°C. The QDs were formed by depositing 2.1 (100) equivalent monolayers (ML) of InAs at 0.33ML/s on InP buffer layers. A low As flux was supplied to the surface during the InAs deposition to enhance the formation of small QDs [21] . After island formation, a 30 s growth interruption under As flux was performed before the growth of the capping layer. Three QD layers, separated by 40 nm, were grown under the same conditions but capped with different materials: 40 nm of InP in the first layer, 20 nm of lattice-matched Ino.53Gao.47As in the second layer (followed by 20 nm of InP) and lattice-matched Ino.87Gao.13Aso.285Po.715 m the third one.
A large-scale filled states X-STM image of the studied structure is shown in Fig. 5.26 , in which the three QD and capping layers can be observed. The QD layers capped with InP, InGaAs and InGaAsP are labelled A, B and C, respectively. A number of individual QDs were analysed within each layer in order to extract information relative to its composition, size and shape. Figure 5 .27 shows the high-voltage filled states image of a single dot in layer A. Atomic details are resolved in this image, in which the group V elements, i.e. As and P, are imaged. From the homogeneity of the contrast it can be deduced that the QD composition is quite uniform and close to 100% InAs. It should be noticed that these dots are very different from the InAs/GaAs dots studied before. They resemble the shape of a quantum disc, since they have a very small aspect ratio. All the observed dots in this layer have a similar truncated pyramidal shape, with a flat top facet. The height and base length distribution of a number of dots showed an average height of 2.9 ± 0.2 nm, and a maximum base length of 32 ± 2 nm.The difference in the outward relaxation of the dots and the WL, as indicated by the brightness in the STM image, is quite small (see Fig. 5.27a ). This indicates a high As concentration in the WL. Moreover, the measured magnitude of the outward relaxation of the WL is much higher than that observed in InAs/GaAs WLs [75] (see section 5.2). This is surprising as the compressive strain in the InAs/GaAs case is more than twice that of the InAs/lnP system and thus for equally thick wetting layers in both systems a reduction by a factor of more than two in the outward relaxation for the case of InAs/lnP should be expected. We explain this by the presence of a very thick WL which contains much more InAs material than the nominal 2.1 ML that were deposited during the dot formation.
The outward relaxation of the WL was again calculated by means of the analytical expression derived in [24] , which assumes that the elastic response is linear and isotropic. The WL was modelled including the effect of the asymmetric As profile, which is likely created during the switching between phosphorus to arsenic flux or by As carryover [76] . This can be seen in Fig. 5 .27b in which the bright spots in the capping layer correspond to As atoms in the InP matrix. Just as in the case of an InAs WL in GaAs, in which there is an asymmetric In profile due to segregation, we used the phenomenological model of Muraki et al. [31] to model the As profile. The total amount of deposited As is determined by fitting the calculated relaxation profile to the measured one. The result of this fitting and the corresponding As profile are shown in Fig. 5.28 . We obtained a total amount of InAs of 4 ML. The latter is almost twice the nominal value of deposited InAs. The origin of this extra InAs is the As/P exchange reaction at the InAs/lnP interface during the dot formation process. During the growth interrupts used before and after the dot formation process, the structure is kept under a As flux promoting the exchange of P by As and thus increasing the amount of deposited InAs. Such exchange has also been reported to give rise to the formation of InAs QDs and InAs quantum wires on InP surfaces where only a growth interrupt was used under an As flux without the additional In deposition [77, 78] . The large amount of InAs in the wetting layer is supported by the distribution of As in the WL obtained by directly counting the As atoms in the X-STM images. In Fig. 5.28 we plot the number of counted As atoms as a function of the distance in the growth direction. This method is accurate for As concentrations lower than about 25%, because above those values it becomes complicated to distinguish individual As atoms in InP. The profile based on the counting is shown in Fig. 5 .28 together with the profile that was used to fit the outward relaxation. The agreement is quite good in the range of validity of the counting method. The small height of the dots capped with InP suggests As/P exchange during the capping process. This effect should be eliminated by using InGaAs as the capping material and therefore lattice-matched Ino.53Gao.47As was used in the second QD layer. Two dots in this layer are shown in Fig. 5.29 . The height and base length distribution of a number of single dots was again investigated, giving an average height of 3.5 ± 0.2 nm and a maximum length of 29 ± 2nm. These dots are on average 0.6 nm higher than those capped with InP, which corresponds to ~2ML of InAs. This indicates that the height of the dots was reduced by ~2ML due to dot decomposition induced by As/P exchange during InP capping. This value is in good agreement with the 2 ML reduction of the In(As,P)/InP quantum well width reported in [79] . The top facet of the dots capped with InGaAs is less well defined and is more curved than that of the dots capped with InP (compare Figs. 5. 27 and 5.29) . This is likely due to composition modulation in the capping layer, which we analyse next. The inhomogeneous topographic contrast in the InGaAs layer (Fig. 5.29 ) reveals the presence of an inhomogeneous strain distribution, which must be due to the presence of In-rich (brighter) and Ga-rich (darker) regions. This phase separation is a strain-driven process in which the In adatoms on the growth surface migrate towards the regions on top of the dots to minimize the strain, creating a columnar-like In-rich region above the dots. This process has been observed in columnar InGaAs QDs grown on GaAs [81] , as well as in InAs/GaAs QDs, where capping with InGaAs has been shown to induce an increase in the dot size [68] . In our case, the phase separation directly affects the QDs by creating a rough top interface in which the In content decreases gradually.
In the third layer, a lattice-matched InGaAsP alloy was used as the capping material ( Fig. 5.30 ). The average dot height was 3.4 ± 0.2 nm, and the maximum measured base length 27±2 nm. As in the case of InGaAs, the height of the dots is higher as those capped with InP where the dot is partially dissolved due to the As/P exchange. This means that, although there is phosphorous in the capping layer, there is no dot height reduction due to As/P exchange. The shape resembles that of a truncated pyramid, with a flat top interface. More remarkable is the fact that the phase separation in the capping layer is much weaker than in the InGaAs. We think that the Ga-P bond strength (54.9 kcal/mol) which is stronger than the In-As bond strength (48.0kcal/mol) and GaAs bond strength (50.1 kcal/mol) limits the phase segregation in InGaAsP as compared to InGaAs. The resulting weak composition modulation does not affect the dot shape or size, as is evidenced by the well-defined dot facets. Indeed, this material has been successfully used as capping layer in InAs/InP (311)B QD lasers emitting near 1.55 \xm with low threshold current density [67] . In summary, X-STM has been used to analyse at the atomic scale the effect of different lattice-matched capping materials on the structural properties of self-assembled InAs/InP (311)B QDs. The As/P exchange on the InAs/InP interface during the growth interrupts is shown to increase the amount of InAs in the wetting layers by ~2 ML. The As/P exchange takes place also on the dot surface when the QDs are capped with InP, reducing the dot height by about 2 ML. This phenomenon can be avoided by using InGaAs as the capping material, but in that case a strong strain-driven phase separation appears, giving rise to In-rich regions above the dots and a degradation of the dot interface. If the quaternary alloy InGaAsP is used instead of InGaAs, the phase separation is much weaker and well-defined interfaces are obtained.
Nevertheless, the structural differences between InAs/InP QDs capped with different latticematched materials are much smaller than those found in the InAs/GaAs system when differences in strain are involved. This indicates that the dot/capping layer strain plays an important role during the capping process.
Double capping process
We have shown in the previous section how the As/P exchange reaction can modify the InAs/InP QDs. Indeed, this effect can be intentionally used to control the height of the QDs by using a modified capping procedure which we analyse in this section. One of the main potential applications of self-assembled InAs/InP QDs is as the active region of high-performance lasers emitting at 1.55 \xm [65, 67, 82, 83] , the long-range optical fibre communication wavelength. For that purpose, an accurate control of the emission wavelength and of the QD size distribution is of crucial importance. One method to reduce the QD height dispersion is based on a discontinuous capping process [84] , where the capping is performed in two sequences. First, a capping layer is deposited, with a thickness smaller than the QD height. Then, a growth interruption under phosphorous flux is performed, during which the uncovered part of the dots disappears due to As/P exchange [65, 85] , leading, in principle, to a uniform QD height equal to the thickness of the first thin capping layer. Finally, the capping layer growth is completed. This modified capping procedure, named double cap (DC), was shown to allow wavelength emission control and to drastically decrease the photoluminescence (PL) linewidth [84] . Indeed, room temperature lasers based on double-capped InAs/InP QDs with low threshold current density emitting close to 1.55 \xm were recently demonstrated on (311)B substrates [67] . On (100) substrates, the DC process was also used for device elaboration by metal organic vapour phase epitaxy (MOVPE) [86] . However, it has been recently observed that the preferential growth of the first cap layer occurs on the edge of the QDs. This should induce an inaccurate control of the QD heights by the DC process in
The initial stage of the capping process of InAs QDs is a very complex phenomenon [12, 14, 87, 88] , sensitive to many growth parameters [19, 71] . It has mainly been studied for InAs/ GaAs QDs, and very little is known in the case of InAs/InP QDs [80, [89] [90] [91] , in which the As/P exchange reaction complicates the description. It is therefore difficult to know what happens during and after the deposition of the first capping layer in the double capping method, and a detailed structural characterization of the process is required.
We have used X-STM to study the double capping process of InAs/InP QDs grown by MBE at the atomic scale. The effect of first capping layer with different thicknesses and composition has been analysed.
The samples were grown by gas source MBE on an Si-doped (311)B-oriented InP substrate. The growth temperature was set to 480°C. The QDs were formed by depositing 2.1 (100) equivalent MLs of InAs on both InP and Ino.87Gao.13Aso.285Po.715 (lattice matched to InP) buffer layers. In order to make the analysis easier, a high As beam equivalent pressure was supplied to the surface during the InAs deposition to favour the formation of large QDs [66] . After island formation, a 30 s growth interruption under As flux was performed before the growth of the capping layer. Then, the first capping layer (CL1) was deposited and the growth was interrupted for 60s maintaining a group V overpressure. Finally, a thick (50 or 100 nm) second capping layer (CL2) was grown. Three different samples were studied. In sample A, three QD layers were grown with different thicknesses of CL1: 1.5, 2.5 and 3.5 nm (from now on called layer 1, layer 2 and layer 3, respectively). The buffer and the capping layers consisted of Ino.87Gao.13Aso.285Po.715-I Q sample B, the buffer, CL1 and CL2 were made of InP. Finally, in sample C, the buffer and CL2 were made of InP, while CL1 consisted of Ino.87Gao.13Aso.285Po.715-I Q samples B and C four QD layers were grown with different thicknesses of CL1: 2, 3, 4 and 5 nm (layers 1,2,3 and 4, respectively).
First, we present results on sample A, with InGaAsP buffer and capping layers. Figure 5 .31 shows a large-scale filled states image of this sample. The three QD layers separated by ~50nm are observed. The inhomogeneous contrast in the buffer and capping layers is due to the random alloy fluctuations in the InGaAsP. Remarkably, the QDs have a very large base length. The maximum measured base length was 60 nm, which gives aspect ratios as low as 0.04. It is clear from Fig. 5 .31 that the height of the QDs increases when the thickness of CLl increases. Moreover, the height of the QDs in each layer fits very well with the nominal thickness of CLl. After analysing 3 7 dots in this sample, the measured average height in layer 1 (CLl = 1.5 nm) was 1.6 nm, in layer 2 (CLl = 2.5 nm) 2.5 nm, and in layer 3 (CLl = 3.5 nm) 3.4nm (see the triangles in Fig. 5.34 ). This indicates that the double capping procedure is controlling the QD height with high accuracy. In sample B, buffer and both capping layers consist of InP and the thickness of CLl was increased up to 5nm. Figure 5 .32 shows the current image of one dot in layer 2 of this sample. On such specific QDs, shallow trenches in the InP buffer close to the QDs are observed. We assume that the trenches are mainly formed just after the dot formation during the growth interrupt under As pressure. Mass transport from wetting layer to quantum dots leads to the formation of a dewetted InP surface on which As/P exchange reaction occurs. The extra InAs formed migrate to the dots and a trench is formed around the QDs. The fact that these trenches were not present in sample A (see Fig. 5.1) , where the dots were grown on InGaAsP, supports this explanation (As/P exchange is reduced on an InGaAsP surface) [90] . Similar observations have been previously reported for InAs QDs grown on (001) InP, and explained in a similar way [92] . Figure 5 .32 is representative of what was observed when CLl was 2 or 3 nm thick. The dots are similar to the ones in sample A: they have a flat top facet and their height fits very well with the thickness of CLl (the average height was 2.2 and 2.9 nm in layers 1 and 2, respectively). Nevertheless, the situation is different when CLl is 4 and 5 nm thick. In this case, the measured average heights of the QDs are 3.1 and 4 nm, respectively. Thus the QD heights are not accurately controlled by the first cap layer thickness in this range. These results confirm the PL measurement as a function of the thickness of CLl previously published [84] . For CLl thicker than 4 nm, the PL energy control by the DC process is lost.
On sample C, CLl and CL2 consist of InGaAsP and InP, respectively. The thicknesses of CLl were set at 2, 3, 4 and 5 nm. Figure 5 .33 shows a filled states topography image of layers 2, 3 and 4. Atomic details are resolved in this image, in which the group V elements, i.e. As and P, are imaged. As the QDs are grown on InP, the trenches are present again, but it is clear from image 5.33c that it is a global effect affecting the whole WL. CLl appears as a dark region with inhomogeneous contrast between the WL and CL2. A bright region in CLl on top of the QDs is observed in layers 3 and 4, indicating an As-and/or In-rich region. This is likely due to strain induced composition modulation, similar to what was found in the previous section for InGaAs capping [90] . The thickness of CLl in layers 2, 3 and 4, measured from the top of the WL, is 2.9, 3.8, 4.8 nm, respectively. This is in good agreement with the nominal values. Figure 5 .33a shows how in layer 2 the height of the QD is levelled to the thickness of CLl. This is also the case in layer 1 (not shown). As in the previous sample, when the thickness of CLl is increased to 4nm, the height of the QDs is slightly smaller than CLl (see Fig. 5 .33b). This difference is much bigger when CLl is 5 nm thick. In this case the height of the QD is more or less half of the thickness of CLl, as shown in Fig. 5.33c . Moreover, a strong decrease of the QD density is observed in this layer. Complete island dissolution, as previously observed for large InGaAs QDs on GaAs, may be effective in this case [93] . Complementary experiments to clarify this question are still in progress. All the results are summarized in Fig. 5.34 , in which the average height of the QDs in each layer is plotted as a function of the nominal thickness of CLl for the three analysed samples. The solid curve represents the ideal situation where the dot height corresponds exactly to the thickness of CLl. The double capping method works well for first capping layers up to ~ 3.5 nm, independently of the materials used. This is very important because the desired QD height for 1.55 \xm applications (~2.7 nm) lies in that range. For thicker layers, a reduction in the dot height compared to the thickness of the first capping layer is observed, indicating that the control over the QD height with the DC process is lost for capping layers thicker than ~3.5 nm. This can be understood in terms of a transition from a double capping to a classical (one-step) capping process when the first capping layer is thick enough to completely cover the dots. Once the dots are covered, the growth interrupt has no effect on them. Since the height of similar classically capped QDs has been measured in the previous section to be around 3.5 nm, that should be the maximum possible height obtained and the DC method should not work for CLl thicker than that. Indeed, 3.5 nm is approximately the saturation value observed for thick capping layers if Fig. 5.34 (except for the special case of 5 nm in sample C, in which a strong decrease of the QD density is also observed). In summary, our X-STM measurements show that the double capping method applied to InAs/ InP (311)B QDs grown by MBE allows a very accurate control of the QD height when the thickness of the first capping layer is not higher than ~3.5 nm, independently of the material used in the capping layer. For higher values a significant reduction of the QD height is observed. This is explained by the fact that 3.5 nm is the height of classically capped QDs and therefore for thicker capping layers the double capping process becomes a classical capping process since the QDs would be completely covered by the capping layer before the growth interrupt.
Conclusions
X-STM has been used to study at the atomic scale the formation of self-assembled QDs. This technique allows determining the size, shape and composition of the buried nanostructures and provides vital information to understand the QD formation process.
X-STM measurements show that the size and composition profile of InAs self-assembled quantum dots depend strongly on the substrate on which the dots are formed. In particular, InAs QDs grown on GaAs are larger than those grown on AlAs, and the In gradients inside the dot from bottom to top have opposite signs (increasing in InAs/GaAs QDs and decreasing in InAs/AlAs QDs) [73] . These differences are mainly due to the reduced mobility of In in AlAs due to the stronger Al-In bond strength.
The capping process is found to be a critical step in QD formation because it strongly modifies the QD structure. In its initial stage, GaAs capping induces leveling of the QDs to drastically decrease their height. During continuous capping the QD leveling is quenched when the QDs become buried. Both phenomena, driving and quenching of the QD leveling take place on a similar time scale and are very sensitive to the GaAs growth rate and growth temperature (decreasing the capping temperature can strongly reduce dot decomposition) [19] . This dot decomposition during capping can also be modified by using different capping materials [94] . It is strongly reduced when the dots are capped with Ino.15Gao.85As and completely suppressed when GaAso.75Sbo.25 is used [95] . The result is that QDs capped with these strain reducing layers are much taller than GaAs-capped QDs. This suggests that the dot/capping layer strain plays a mayor role in inducing dot decomposition during capping. When the different capping materials are lattice matched to the substrate, the differences in the QD properties are more subtle and can be dominated by chemical effects: InAs/InP QDs capped with InP have a 2 MLs smaller height than those capped with InGaAs or InGaAsP due to As/P exchange induced decomposition [90] . The effect of the As/P exchange can be intentionally used to control the QD height by using a double capping method. We found that the double capping method allows a very accurate control of the QD height when the thickness of the first capping layer is not higher than ~3.5 nm. For higher values a significant reduction of the QD height is observed. These results are interpreted in terms of a transition from a double capping to a classical capping process when the first capping layer is thick enough to completely cover the dots [9 6 ].
